Esparza A, Gerdtzen ZP, Olivera-Nappa A, Salgado JC, Núñez MT. Iron-induced reactive oxygen species mediate transporter DMT1 endocytosis and iron uptake in intestinal epithelial cells. Am J Physiol Cell Physiol 309: C558 -C567, 2015. First published August 19, 2015; doi:10.1152/ajpcell.00412.2014.-Recent evidence shows that iron induces the endocytosis of the iron transporter dimetal transporter 1 (DMT1) during intestinal absorption. We, and others, have proposed that iron-induced DMT1 internalization underlies the mucosal block phenomena, a regulatory response that downregulates intestinal iron uptake after a large oral dose of iron. In this work, we investigated the participation of reactive oxygen species (ROS) in the establishment of this response. By means of selective surface protein biotinylation of polarized Caco-2 cells, we determined the kinetics of DMT1 internalization from the apical membrane after an iron challenge. The initial decrease in DMT1 levels in the apical membrane induced by iron was followed at later times by increased levels of DMT1. Addition of Fe 2ϩ , but not of Cd 2ϩ , Zn 2ϩ , Cu 2ϩ , or Cu 1ϩ , induced the production of intracellular ROS, as detected by 2=,7=-dichlorofluorescein (DCF) fluorescence. Preincubation with the antioxidant N-acetyl-L-cysteine (NAC) resulted in increased DMT1 at the apical membrane before and after addition of iron. Similarly, preincubation with the hydroxyl radical scavenger dimethyl sulfoxide (DMSO) resulted in the enhanced presence of DMT1 at the apical membrane. The decrease of DMT1 levels at the apical membrane induced by iron was associated with decreased iron uptake rates. A kinetic mathematical model based on operational rate constants of DMT1 endocytosis and exocytosis is proposed. The model qualitatively captures the experimental observations and accurately describes the effect of iron, NAC, and DMSO on the apical distribution of DMT1. Taken together, our data suggest that iron uptake induces the production of ROS, which modify DMT1 endocytic cycling, thus changing the iron transport activity at the apical membrane. DMT1; iron; ROS; mucosal block; mathematical modeling IRON UPTAKE FROM THE INTESTINAL lumen is carried out by the iron/H ϩ cotransporter DMT1, which is present in the apical membrane of absorptive enterocytes. Four isoforms of DMT1 are generated by alternative splicing of the 5=-end exons (exons 1A or 1B) and of the 3=-end exons [exons 16 (or ϩIRE) or 17 (or ϪIRE)] (23). Enterocytes and Caco-2 cells express solely the 1A isoforms (23). Concurring with the presence of an IRE element in the 3=-flanking region, DMT1 expression is downregulated by high cell iron. Expression of the 1A/ϩIRE isoform makes cells particularly sensitive to cell iron levels; expression of the 1A/-IRE isoform yields cells that also responds to iron changes, whereas cells expressing the 1B/ϩIRE or the 1B/-IRE isoforms do not respond. Thus it is possible that the regulation of DMT1 expression involves two regulatory regions, one contained in exon 1A and another in the IREcontaining 3= exon (4, 23).
DMT1; iron; ROS; mucosal block; mathematical modeling IRON UPTAKE FROM THE INTESTINAL lumen is carried out by the iron/H ϩ cotransporter DMT1, which is present in the apical membrane of absorptive enterocytes. Four isoforms of DMT1 are generated by alternative splicing of the 5=-end exons (exons 1A or 1B) and of the 3=-end exons [exons 16 (or ϩIRE) or 17 (or ϪIRE)] (23). Enterocytes and Caco-2 cells express solely the 1A isoforms (23) . Concurring with the presence of an IRE element in the 3=-flanking region, DMT1 expression is downregulated by high cell iron. Expression of the 1A/ϩIRE isoform makes cells particularly sensitive to cell iron levels; expression of the 1A/-IRE isoform yields cells that also responds to iron changes, whereas cells expressing the 1B/ϩIRE or the 1B/-IRE isoforms do not respond. Thus it is possible that the regulation of DMT1 expression involves two regulatory regions, one contained in exon 1A and another in the IREcontaining 3= exon (4, 23) .
DMT1 localizes both to the brush border of duodenal enterocytes and to endocytic compartments, where it is responsible for the transport of iron derived from transferrin endocytosis (19) . Progress has been made in the characterization of the factors determining endosomal traffic of the ϪIRE isoform in a variety of cell types, while the molecular factors that mediate endocytosis of the ϩIRE isoform remain poorly understood. Endocytosis of the ϪIRE isoform has been shown to depend on clathrin and dynamin, and its exocytosis depends on phosphatidylinositide 3-kinase (47) . It has been shown that in the human larynx carcinoma cell line HEp-2 and the human hepatoma cell line HepG2, the ϩIRE isoform traffics between apical domains and lysosomes (45) . In contrast, the ϪIRE isoform is connected functionally to the transferrin receptor, which is found mainly in recycling endosomes (26) , where it has been postulated to participate in the output of iron from these compartments (47) . Furthermore, in LLC-PK1 cells, both isoforms show differences in their rates of internalization, resulting in an increased proportion of the ϩIRE isoform in the plasma membrane (26, 45) . The 1A ϩIRE isoform is by far the most abundant in the duodenum (23) , and this isoform is the focus of the present investigation.
A series of recent studies have reported that iron induces rapid endocytosis of duodenal DMT1 (17, 25, 28, 29, 34) . It has been postulated that DMT1 endocytosis is part of mechanism by which iron moves from the apical membrane towards the basolateral membrane (29) . However, it is also possible that the endocytosis of DMT1 in the presence of iron may be a regulatory phenomenon to slow the iron absorptive capacity of the apical membrane by removing transporter units from this domain (25, 32) . This response could explain the phenomenon known as "mucosal block," which describes the ability of an oral dose of iron to reduce absorption of a second dose administered 1-6 h later (21, 44) . Because iron is a net producer of ROS (35, 48) , in this work we focused on the possible involvement of the cellular redox status in the development of this relocation response.
METHODS
Cell culture. Insert-grown Caco-2 human intestinal epithelial cells (ATCC HTB-37) were used as the model of study. These cells differentiate into a phenotype similar to the fetal intestine, forming cell monolayers with tight junctions (1) . Cells were cultured in DMEM supplemented with 3.7 g/l NaHCO 3, antibiotic/antimycotic solution, and 10% FBS. For biotinylation experiments, cells were seeded at a density of 100,000 cells per 30-mm diameter transwells (Millicell; Millipore) and cultured for 20 -21 days. During this period, transepithelial resistance was monitored using a multimeter (ERS-2 Epithelial Volt-Ohm-Meter; Millipore). The cell monolayer was considered intact when the insert showed resistances Ͼ250 ⍀ ϫ cm 2 (1) . For the determination of dichlorofluorescein (DCF) and calcein fluorescence, the cells were seeded in 24-well plates (Corning-Costar) at a density of 15,000 cells per well and cultured for 7-8 days with a medium change every 2 days.
Iron sources. Cells were given one of two sources of Fe 2ϩ , namely ferrous ammonium sulfate (FAS) or ferrous ascorbate (Fe-Asc), or one source of Fe 3ϩ , namely Fe-NTA. FAS was freshly prepared immediately before the initiation of the experiment since it rapidly polymerizes in O 2-containing solutions (27) . Fe-Asc was prepared by mixing FeCl 3 (dissolved in 0.1 N HCl) and sodium ascorbate in a 1:2 molar ratio and used fresh. Fe-NTA was prepared by mixing FeCl 3 and nitrilotriacetic acid (Sigma-Aldrich) to obtain a 1:2.2 molar ratio.
Antibodies. A polyclonal antibody that recognizes the COOHterminal segment of the ϩIRE isoforms of DMT1 (31) and a monoclonal anti-ferroportin antibody (34) were used as described. Secondary antibodies were anti-rabbit IgG and anti-mouse IgG coupled to peroxidase (InmunoPure Antibodies; Pierce-Thermo Scientific).
Agents affecting the redox status. Reagents used were N-acetyl-Lcysteine (NAC; Sigma-Aldrich), dimethyl sulfoxide (DMSO; Merck), superoxide dismutase (SOD; Sigma-Aldrich), catalase (CAT; SigmaAldrich). In all experiments, cells were incubated overnight in DMEM with 2% FBS to reduce the cytoplasmic pool of iron before iron challenge. Preincubations before iron challenge were performed in DMEM without serum. Preincubation conditions for the different reagents were as follows: NAC: 5 mM for 60 min; DMSO: 5 mM for 30 min; and SOD and CAT: 100 U/ml each for 60 min. After the preincubation period, the cells were incubated for 15 min with or without 20 M FAS. All the redox-modifying agents were maintained in the subsequent incubations with iron. Cells were then subjected to apical membrane biotinylation as described below.
Apical membrane biotinylation and western blot analysis. We studied the presence or absence of DMT1 in the apical membrane by selective biotinylation of the apical membrane of cells grown in bicameral inserts as described previously (5, 34) . Briefly, Caco-2 cells preincubated overnight in DMEM-2% FBS were incubated at 37°C for varied times with iron, brought to 4°C and incubated from the apical chamber for 30 min with 0.5 mg/ml N-hydroxysulfosuccinimide-imino biotin (Pierce, Rockford, IL). Cellular extracts were prepared and precipitated with immobilized streptavidin (Pierce). Proteins were resolved by 10% SDS-polyacrylamide gel electrophoresis. The proteins were then transferred to a nitrocellulose membrane, and Western blot immunodetection of DMT1 was performed as described previously (34) . Band density was estimated with the ImageJ program. The results reported here apply to the ϩIRE isoforms of DMT1 (1A and 1B), since the antibody recognizes the COOH-terminal segment of the ϩIRE isoforms of DMT1. Nevertheless, since only the 1A isoforms are expressed in the intestine (23) , the results in this study describe the behavior of the 1A ϩIRE isoform of DMT1. For simplicity, in the text, this isoform will be referred to as DMT1.
Iron entry into the cytoplasmic labile iron pool and ROS production. Calcein-AM (Invitrogen-Molecular Probes) was used to track iron entry into the cytoplasmic labile iron pool (LIP) (13, 42) , and 2=,7=-diclorodihydrofluorescein-diacetate (DCDHF-AM, Invitrogen-Molecular Probes) was used to evaluate the production of ROS (33) . In these experiments, Caco-2 cells were seeded in 24-well plates and grown for 7-8 days in DMEM 10% FBS. Before the experiment, cells were incubated overnight in low-iron medium (DMEM 2% FBS) to maximize DMT1 location at the apical membrane. Loading of the fluorophores was performed in DMEM without phenol red. Calcein-AM was loaded at a concentration of 1 M for 15 min. DH-DCF-DA was loaded at a concentration of 10 M for 10 min. After loading, cells were washed twice with DMEM without phenol red and once with HBSS buffer (137 mM NaCl, 5.4 mM KCl, 1 mM CaCl2, 0.5 mM MgCl2, 0.4 mM KH2PO4, 0.4 mM MgSO4, 0.3 mM Na2HPO4, 25 mM HEPES, and 5 mM glucose, pH 7.4). Fluorescence measurements were obtained at 37°C in a Synergy 2 plate reader (BioTek), using for both probes excitation at 485 nm and emission at 528 nm. For the evaluation of changes in DCF fluorescence as a function of metal, 20 M of freshly prepared solutions of FAS (Fe 2ϩ ), ZnCl2 (Zn 2ϩ ), CdCl2 (Cd 2ϩ ), CuCl2 (Cu 2ϩ ), and CuCl (Cu 1ϩ ) were used. Cu 1ϩ and Cu 2ϩ were offered as Cu-histidine complexes at a 1:10 molar ratio (3) .
Model simulations. Mathematical ordinary differential equation (ODE) models proposed on this work were simulated using MATLAB 2008 (Mathworks).
Data analysis. One-way ANOVA was used to test differences in mean values, and Turkey's post hoc test was used for comparisons (InStat; GraphPad Prism, San Diego, CA). Differences were considered significant at P Ͻ 0.05.
RESULTS

Kinetics of DMT1 internalization in Caco-2 cells after iron challenge.
Supply of iron to intestinal epithelial cells triggers the relocation of DMT1 from the apical membrane into intracellular domains. By selective biotinylation of the apical membrane, we determined the kinetics of DMT1 endocytosis of the ϩIRE isoform of DMT1. Three forms of Fe applied in the apical chamber were used, namely Fe-NTA, FAS, and Fe-Asc. The three forms of iron caused a drastic decrease in DMT1 in the apical membrane (Fig. 1A) . A significant decrease in DMT1 at the apical membrane in response to the three iron sources used was apparent. The initial depletion of DMT1 was in time followed by the reinsertion of DMT1 into the membrane. This effect of inducing endocytosis and subsequent return to the membrane of DMT1 was observed for the three forms of iron supplementation, albeit with kinetic differences. Return to near initial DMT1 levels was observed 60 min after the iron challenge for Fe-NTA, 45 min for FAS, and 30 min for Fe-Asc. Interestingly, after reinsertion of DMT1 into the membrane, a second wave of internalization was apparent at 60 -90 min after the onset of the iron challenge. Changes in abundance of DMT1 at the apical membrane were not observed in the absence of added iron (Fig. 1B) . In contrast to the behavior of DMT1, the amount of apical membrane FPN1 did not change upon iron addition (Fig. 1C) , an indication that the phenomenon was selective for DMT1.
The differences in kinetics between the three iron forms may be explained by their iron donor capacities. The amount of iron available for transport from Fe-NTA is the lowest because of the need for reduction to Fe 2ϩ before transport. Indeed, differences in uptake rates between Fe-NTA and Fe-Asc were previously noted in the intestine (30) and the Caco-2 system (22) . The concentration of iron available for transport when offered as FAS or Fe-Asc should be similar, since no prior reduction is required. Nevertheless, given its tendency for auto-oxidation (27) , the transport-active Fe concentration of FAS could be lower than that of Fe-Asc. Nevertheless, considering that FAS is a form of inorganic iron that is widely used in the clinic and iron supplementation programs and that the reducing capacity of ascorbate could interfere with the cellular Iron entry into the LIP generates ROS. Considering that in the intracellular environment, iron is a net ROS producer (35), we decided to investigate the relationship between iron entry into the cytoplasmic LIP and putative changes in ROS production in the Caco-2 cell system (Fig. 2) . Calcein, whose fluorescence is quenched upon binding of iron (9), was used as a sensor for the entry of iron into the cytoplasmic LIP. Increasing concentrations of FAS resulted in increased entry of iron into the LIP (Fig. 2A) . Addition of 1 M FAS induced a first-order decay of calcein fluorescence. A concentration of 10 M FAS caused a drop in fluorescence to half the initial fluorescence after 30 min of incubation. A concentration of 25 M FAS presented a similar kinetics than 10 M FAS, but the rate of calcein quenching increased again with 100 M FAS.
We then evaluated the possibility that the supply of FAS resulted in generation of ROS. To this end, we used the highly selective hydroxyl radical sensor DCF (43) . Cell-permeable DCDHF-DA is hydrolyzed inside the cell to a nonfluorescent compound, 2=,7=-diclorodihidrofluorescein, which emits fluorescence when oxidized to DCF (41) . Thus DCF is a nonradiometric ROS probe that accumulates inside the cell with time. The addition of 1 M FAS resulted in an increase in ROS (Fig. 2B) . Increasing the concentrations of FAS from 1 to 10 and to 25 M caused increased DCF fluorescence, whereas the initial kinetics with 100 M FAS did not differ from that of 25 M FAS. Together, these experiments support the notion that incorporation of iron into Caco-2 cells causes a robust production of hydroxyl radicals.
The initial finding that DMT1-expressing oocytes generate positive inward currents when exposed to Zn, Cd, Mn, Cu, Fe, Co, Ni, and Pb raised the possibility that these cations may also be transported by DMT1 (20) . Since DMT1 involvement in the transport of Cu, Cd, and possibly Zn by Caco-2 cells has been documented (3, 7, 12, 14, 46) , we tested for the putative production of ROS by Zn 2ϩ , Cd 2ϩ , Cu 2ϩ , and Cu 1ϩ . FAS (Fe 2ϩ ) was used as a positive control (Fig. 2C) . With the exception of FAS, none of the metals tested produced detectable ROS.
DMT1 internalization is not inhibited by extracellular ROS scavengers SOD or CAT. Since iron addition could be exerting its effect on DMT1 internalization through an extracellular ROS-sensitive target, we next investigated whether adding SOD or CAT had an effect on iron-induced DMT1 internalization. Because of their low membrane permeability, these proteins scavenge extracellular, but not intracellular, ROS (50) . Pretreatment of cells with SOD (Fig. 3, A and C) or CAT (Fig.  3, B and D) had no significant effect on the iron-induced internalization of DMT1. Taken together, these results suggest that intracellular ROS produced during iron uptake are responsible for triggering the rapid endocytosis of DMT1.
Preincubation with the antioxidant NAC induces the apical membrane distribution of DMT1. Iron-induced ROS may have a physiological role via modification of the cellular reduction potential (33) . We hypothesized that ROS are instrumental in DMT1 internalization, and thus we investigated the effect of NAC in the internalization response of DMT1. NAC is an antioxidant agent that increases cellular levels of glutathione and scavenges hydroxyl radicals (2, 6, 11) . NAC treatment completely abolished the internalization of DMT1 after iron addition (Fig. 4A) . Interestingly, preincubation with NAC in the absence of added iron increased per se the amount of DMT1 present in the apical membrane. Moreover, the supply of iron under these conditions did not induce DMT1 internalization but significantly increased the amount of DMT1 in the apical membrane (Fig. 4B) .
Preincubation with the hydroxyl radical scavenger DMSO blocks iron-induced endocytosis of DMT1. Redox-active iron produces the highly reactive hydroxyl radical via the Fenton reaction. Consequently, we investigated the effect of DMSO on iron-induced DMT1 internalization. DMSO, a widely used membrane stabilization and cryopreservation agent (52) , is an effective scavenger of hydroxyl radicals (36, 39, 40) . Preincubation with DMSO completely blocked iron-induced DMT1 internalization (Fig. 5A) . In contrast to NAC, preincubation with DMSO in the absence of added iron did not significantly increase the amount of DMT1 present in the apical membrane (Fig. 5B, DMSO, ϪFe condition) . 
C561 IRON-INDUCED ROS MEDIATE DMT1 ENDOCYTOSIS
Iron uptake rates are consistent with DMT1 membrane localization. To assess if changes in DMT1 abundance are associated with changes in iron uptake rates, we determined iron entry into the cytosolic LIP as a function of time in cells previously treated with NAC or DMSO. Pretreatment with either NAC or DMSO resulted in change in the LIP, as determined by calcein fluorescence quenching (Fig. 6A) . Initial rates of iron entry (⌬F/s), estimated from the initial time points of the curves ( We then tested the effect of NAC or DMSO pretreatment on the production of ROS induced by iron uptake (Fig. 6C) . Pretreatment with NAC, under conditions that result in increased density of DMT1 in the apical membrane and increased iron uptake, completely abolished iron-induced ROS production. ROS production in cells pretreated with DMSO presented a biphasic pattern, with a rate of ROS production upon addition of FAS similar to untreated cells during the first 5 min followed by no further production of ROS at later times (Fig. 6C) . These results indicate that an increased reductive tone (NAC) and/or quenching of hydroxyl radicals (NAC, DMSO) are associated with increased rates of iron uptake.
A mathematical model to represent the movement of DMT1 transporters induced by changes in the level of iron and ROS.
A working mathematical model that interprets the experimental data is shown in Fig. 7 . In this model, DMT1 traffics between the apical membrane and an endosomal compartment that we named the common endosome (24, 28 ). An endocytic process mediates the traffic of DMT1 between the plasma membrane and the common endosome, and an exocytosis process mediates the traffic of DMT1 in the opposite direction. The cycling of DMT1 between the apical membrane and the common endosome proposed here can be represented by changes in the ratio between the amounts of DMT1 transported in each direction. These changes are caused by redox disturbances that affect the system. Based on this premises, the influence of Fe, NAC, and DMSO is represented as specific changes in the velocities associated with each direction.
The movement of DMT1 from and towards the apical membrane is represented by a compartmentalized mechanism. We propose the following lumped reaction mathematical model to represent this mechanism: (2) where DMT1 AM and DMT1 CE are the amounts of DMT1 located on the apical membrane and the common endosome, respectively, and k endo and k exo are the kinetic parameters for endocytosis and exocytosis, respectively. The parameters k endo and k exo account for disturbances in the system. We propose the following mathematical expressions to capture the experimental behavior of the biological system: , and k Fe are constants that represent the strength of the influence of each perturbation. Note that the model described by Eqs. 3 and 4 follows the structure of a standard kinetic model. For instance, when no perturbations are present, the kinetic parameters are equal to their nominal values. When only iron is present in the system, the model recovers the standard mathematical form of an inhibition mechanism (Eqs. 5 and 6), effectively producing a decrease in the kinetic parameter associated with the exocytosis process, hence decreasing the amount of DMT1 in the apical membrane compartment.
The parameters used in the model are listed in Table 1 . Parameters were chosen to represent the behavior of the biological system when exposed to the action of each perturbation.
Nominal values for parameters k exo and k endo were selected to obtain a given 1:8 ratio between DMT1 on the apical membrane and DMT1 located in the common endosome (17, 22) . Trajectories of the amount of DMT1 located on the apical membrane and common endosome were obtained by simulating the model described by Eqs. 1-4. The model was simulated at nominal conditions, and then a perturbation was introduced into the system at 10 units of time. Perturbations were considered to occur for 20 units of time, and then they were removed. Results for these simulations are shown in Fig. 8 . Figure 8A shows that extracellular iron promotes the internalization of DMT1 from the apical membrane to the common endosome, following Eqs. 5 and 6. The amount of DMT1 follows a first-order trajectory from the nominal steady state towards a new steady state, where the amount of DMT1 on the apical membrane is lower. When the iron-induced perturbation is removed, DMT1 returns to the apical membrane. This cycling behavior is consistent with the data in Fig. 1 . Figure 8B shows the effect of NAC and iron on the global system. In this case, Eqs. 3 and 4 are simplified to:
According to Eqs. 7 and 8, when NAC is added to the system in the absence of iron, the kinetic parameter related to the endocytosis process is decreased, thus producing an increase for DMT1 in the apical membrane. This redistribution is even greater when iron is added to the system since, in this case, the exocytosis kinetic parameter is also increased. This is in agreement with the experimental results shown in Fig. 4 . When simulating the perturbation induced by DMSO, the trajectories in Fig. 8C are obtained when kinetic parameters of the model are calculated by Eqs. 9 and 10: 
k endo ϭ k endo (10) In this case, DMSO has a small effect on the system only when iron is also added. In all other cases, the system holds its nominal steady state. This is consistent with the experimental results shown in Fig. 5 .
DISCUSSION
There is substantial biochemical and physiological evidence showing that DMT1 is the iron transporter responsible for the uptake of iron from the intestinal lumen during intestinal iron absorption (10, 16, 19, 20) . Membrane biotinylation and confocal microscopy studies have shown that apical membrane DMT1 is internalized after intestinal epithelial cells are subjected to an iron challenge (25, 28, 29) . We found that after a period of internalization DMT1 was reinserted into the apical membrane and that this reinsertion was followed by a second wave of internalization. This is the first time that such a cycling behavior has been reported.
We observed that Fe 2ϩ entry is associated with intracellular ROS production, detected by DCF fluorescence. Interestingly, the addition of Zn 2ϩ , Cd 2ϩ , Cu 2ϩ , or Cu 1ϩ produced no changes in DCF fluorescence. The transport of Cu, Cd, and possibly Zn by DMT1 has been documented (3, 7, 12, 14, 46) . Since Zn 2ϩ and Cd 2ϩ are not redox-active metals, no ROS production was expected, but the production of ROS by Cu 2ϩ or Cu 1ϩ was a certain possibility. Under normal conditions, intracellular copper may not be redox-active since, at difference with iron, intracellular cooper is bound to chaperones, which results in little or none "free" copper available to redox reactions (4, 8, 38) .
Our results are consistent with the notion that ROS production by iron is instrumental in inducing DMT1 internalization, although it is unknown how this increase in cytoplasmic oxidative status results in DMT1 internalization.
Much progress has been made in the characterization of proteins that are ROS sensors, i.e., that change their biological activity in response to changes in the cellular redox status (15, 37, 51) . ROS signaling usually implies the presence of specific cysteines whose redox state affects the biological activity of the protein (49) . Given the ubiquitous nature of the oxidative stimuli, a question that lingers in the field is how specificity is reached. It is proposed that specificity could be achieved by the source of ROS and the target protein being in close proximity. In the study reported here, recently transported iron could generate the hydroxyl radical in the cytosolic environment proximal to iron exit from DMT1. Arguably, the generated hydroxyl radical could modify the oxidative state of DMT1 or of close-by proteins, resulting in the induction of DMT1 endocytosis.
Experiments regarding modification of the cell redox environment shed light on how iron-induced ROS modifies the amount of DMT1 present in the apical membrane. Incubation with the reductant NAC, in the absence of added iron, increased the amount of DMT1 in the apical membrane. A straightforward conclusion is that an increase in the intracellular reductive tone results in either a decreased endocytic rate or an increased exocytic rate of DMT1. Moreover, the supply of iron after NAC preincubation did not induce DMT1 internalization, a behavior that was not expected, since iron increases the oxidative tone. A plausible explanation for this behavior is that iron-induced ROS generated under these conditions are readily neutralized by NAC.
DMSO is a scavenger of hydroxyl radicals without overt reducing capacity. Preincubation with DMSO did not increase the amount of DMT1 in the apical membrane, but upon the addition of iron, the amount of DMT1 in the apical membrane increased instead of decreasing as observed in the absence of DMSO. This increased presence may be the consequence of the trapping of putative hydroxyl radicals generated by iron. Taking into consideration that the main effect of NAC is to increase the level of glutathione and that of DMSO is to scavenge hydroxyl radicals, it is conceivable that hydroxyl radical generated by the Fenton reaction is the messenger immediately downstream of iron in the process that results in DMT1 internalization.
We found that the relative abundance of DMT1 in the apical membrane was closely associated with iron uptake rates. Thus increased rates of iron uptake were observed upon NAC preincubation, conditions that increased membrane DMT1. The finding that NAC induced increased iron uptake suggests that a secondary effect of antioxidants may be to enhance iron absorption. Indeed, it has been published that the antioxidant ␤-carotene increases the uptake of iron in Caco-2 cells (18).
The question arises as to how iron uptake could result in the cycling presence of DMT1 in the apical membrane. We propose that an initial uptake of iron increases the oxidative tone in the vicinity of DMT1, inducing its endocytosis. The consequent decrease in iron uptake provides a decreased oxidative tone that results in decreased DMT1 endocytosis. This cycling will be finally hampered by the clamping of the redox tone by cell antioxidant mechanisms. Increased reductive conditions (NAC effect) affect this response, resulting in more DMT1 in the apical membrane. Indeed, our data suggest that the DMT1 cycling between the membrane and endocytic compartments is the result of complex redox balances at specific subcellular domains. This cycling behavior was captured by the proposed two-compartment mathematical model. In this model, changes induced by Fe, NAC, and DMSO affect the kinetic constants of endocytosis (k endo ) and exocytosis (k exo ), which in turn change the relative abundances of DMT1 at the apical membrane and at endocytic compartments. Results from future experiments aimed to determine DMT1 endocytic and exocytic rates as a function of redox modification will support or reject this model. Fig. 7 . Compartmentalized model proposed to represent the movement of DMT1 transporters induced by the presence of iron. Two compartments are considered: the apical membrane (AM), where DMT1 is exposed to the extracellular medium, and a central common endosome (CE), where DMT1 is in an intracellular compartment. Changes induced by Fe, NAC, and DMSO affect the kinetic constants of endocytosis (kEndo) and exocytosis (kExo). It is proposed that the entry of Fe 2ϩ ions generates, through the Fenton reaction, hydroxyl radicals that are strong in situ effectors of DMT1 internalization. DMSO, and hydroxyl radical scavenger, may act by directly blocking the effect of Fe-generated hydroxyl radicals. NAC either inhibits endocytosis or induces exocytosis by modification of redox-sensitive intramolecular targets. , kinetic parameters associated with the effect of each perturbation (Fe, NAC, and DMSO, respectively) on the movement of DMT1. Fig. 8 . Profiles of the amount of DMT1 on the apical membrane (red) and central common endosome (black) over time estimated using the mathematical model. Initially, the system is simulated using nominal parameters. At 10 units of time, perturbations are introduced into the system for 20 units of time, and then they are removed. The effect of these perturbations on DMT1 localization was determined. A: iron effect on the localization of DMT1; B: effect of NAC addition (dotted line) and addition of NAC plus iron (continuous line); C: effect of DMSO addition (dotted line) and addition of DMSO plus iron (continuous line).
In summary, our results show for the first time that iron uptake induces the production of ROS that modify DMT1 endocytic cycling, thus changing the iron transport activity at the apical membrane. It remains to be established whether this ROS regulation operates in vivo and what are the molecular targets that are modified by iron-induced redox modifications.
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